A study of the effects of mixing on the accelerated anaerobic digestion of concentrated municipal sludges by Orr, Victor Darryl
Scholars' Mine 
Masters Theses Student Theses and Dissertations 
1971 
A study of the effects of mixing on the accelerated anaerobic 
digestion of concentrated municipal sludges 
Victor Darryl Orr 
Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses 
 Part of the Civil Engineering Commons 
Department: 
Recommended Citation 
Orr, Victor Darryl, "A study of the effects of mixing on the accelerated anaerobic digestion of concentrated 
municipal sludges" (1971). Masters Theses. 5089. 
https://scholarsmine.mst.edu/masters_theses/5089 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 

A STUDY OF THE EFFECTS OF MIXING ON 
THE ACCELERATED ANAEROBIC DIGESTION OF 
CONCENTRATED MrJNICIPAL SLUDGES 
BY 
VICTOR DARRYL ORR, l9w.w. -
A THESIS 
Presented to the Faculty o£ the Graduate School o£ the 
UNIVERSITY OF MISSOORI - ROLLA 
In Partial Ful£illrnent o£ the Requirements £or the Degree 












Most domestic sewage treatment plants today practice anaerobic di-
gestion of sludge. The purpose of this investigation was to determine 
if thorough mechanical mixing of concentrated sludge would improve its 
digestion. 
The simulated digesters consisted of six 1 gallon anaerobic reactors 
which were operated in the laboratory for 78 days. The contents of three 
digesters were continually mixed and their responses were compared with 
those of the similarly loaded remaining three unmixed units. Raw sludge 
with solids concentrations of 7.5, 15 and 30 per cent was digested for 
detention periods of 30, 15 and 7.5 days at 33° C. Various analyses were 
conducted periodically on the digester contents in addition to gas pro-
duction and composition measurements. 
The gas production from the mixed digesters was found to be greater 
than from the unmixed digesters. The organic loading-detention time 
limits for anaerobic digestion were determined. The highest practical 
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I. INTRODUCTION 
Most domestic sewage treatment plants today use anaerobic digestion 
£or the stabilization o£ the primary and secondary sludges. Anaerobic 
bacteria degrade the organic matter to an unobjectionable state which 
then can be dewatered or disposed o£ without nuisance. 
Sludge digestion £acilities occupy less land area than most o£ the 
other unit processes o£ sewage treatment, but it is still one o£ the 
most costly and generally the most troublesome. Cost estimates of the 
digestion process compared to the total capital cost of the treatment 
1 
plant range £rom 30 to 50 per cent. Operating and maintenance costs 
might range £rom 20 to 35 per cent of the annual budget. 2 Because such 
a large proportion o£ the costs are expended on this process, the de-
signing engineer must make every e££ort to reduce the capital and oper-
ating costs o£ this unit. 
One satis£actory method of reducing the initial and operating costs 
would be to decrease the digester volume. By concentrating the usual 2 
to 5 per cent solids sludge going to the digester, water is removed that 
would otherwise require space within the unit. I£ the solids concentra-
tion could be doubled, the required size o£ the digester would be re-
duced by one-hal£. Heat costs, due to the smaller volume requiring heat 
and the absence o£ heat consuming water, should be reduced. Garrison 
and Nagel3 £ound that an increase in solids concentration £rom w per 
cent to 6 per cent resulted in a 33 per cent savings in boiler capacity. 
Lower pumping costs might also be achieved i£ the higher costs of pumping 
a thicker sludge is o££set by the lower cost o£ pumping a reduced volume. 
McKinneyh has stated that some o£ the troublesome characteristics 
2 
of the anaerobic digestion process might be a result of insufficient 
substrate for satisfactory microbial activity. He believes that the 
sludge digesters are generally not fed enough, resulting in a small bio-
logical mass which is greatly affected by fluctuating loadings or slight 
changes in their environment. 
Heukelekian5 felt concentrated sludges fed to a digester would 
provide more solid surface area per unit volume for bacterial growth and, 
therefore, a greater concentration of organisms. However, it might be 
more than just a surface area phenomenon because concentrated sludges and 
a smaller digester volume also make the substrate more readily available 
to the microorganisms. In either case, the result should be a more 
stable digestion process with the ability to withstand changes in loading 
or other environmental conditions. 
Supernatant from the digester presents operational problems when 
recycled through the plant. The use of concentrated sludge would elim-
inate some excess water going into the digester and thereby minimize the 
amount of supernatant recirculated. 
Thorough mixing is known to be beneficial to the anaerobic diges-
tion of sludge for several reasons. First, active organisms are kept in 
continuous contact with the food supply, resulting in a higher digestion 
rate and a decreased detention time. Second, localized failure and even-
tual upset of the whole digester is prevented. Third, high qualitative 
loadings and toxic or inhibitory materials are diluted. Fourth, a uniform 
temperature is maintained throughout the digester. Fifth, scum formation 
is prevented. 
A disadvantage of mixing is its interference with sludge compaction 
and solid-liquid separation. The use of an unmixed second-stage digester, 
3 
lagoon, or mechanical dewaterer should overcome this difficulty. Because 
the advantages far outweigh the disadvantages, adequate mixing should be 
provided in the digester. 
Accelerated digestion of concentrated sludges should solve some of 
the problems associated with anaerobic digestion. It could result in a 
reduction of initial construction costs, lower operating costs and the 
elimination of some of the undesirable characteristics. 
The desirability for feeding a more concentrated sludge to the an-
aerobic digester is apparent. However, current practice has been to 
adhere to guidelines set forth by state agencies or design manuals. This 
11 cookbookn approach has resulted in many inefficiently operated digesters. 
It is felt that more research is needed to elevate the anaerobic diges-
tion process from a state of art to a state of engineering and science. 
Only then can the treatment abilities of the anaerobic sludge digestion 
process be accurately predicted with a resultant improvement in design 
and increased efficiency of treatment. 
The purposes of this investigation were (l) to evaluate the effects 
of mixing on the digestion of concentrated sludges and determine if 
thorough mechanical mixing of concentrated sludge would improve digestion 
over that of unmixed concentrated sludge and (2) to attempt to evaluate 
for mixed digesters a combination of optimum solids concentration and di-
gestion period that would provide adequate sludge digestion. 
II. LITERATURE REVIEW 
There is a limited amount of material in the literature dealing 
specifically with the effects of mixing on the digestion of highly 
concentrated municipal sludges. The desirability of thorough mixing of 
the digester contents is generally recognized although studies on its 
beneficial effects are not fully documented. This literature review will 
be divided into two sections: (a) The effects of concentrated sludge 
fed to the digester and (b) The effects of mixing on the digestion 
process. 
A. THE EFFECTS OF CONCENTRATED SLUDGE FED TO THE DIGESTER 
The effects of sludge concentrations on the anaerobic digestion 
process has been investigated on laboratory, pilot and plant scale. 
Sawyer and Grumbling, 6 in extensive laboratory research on sludge 
containing ~., 6, 8 and 10 per cent solids, concluded that there was a 
significant decrease in total gas and methane yields as the concentration 
of solids increased in the sludge feed. They also noted little, if any, 
decrease occurred in the percentage of volatile matter destroyed (ap-
parently their calculations were on a per unit volume basis). It was 
stated that because of difficulties resulting from mixing, the feeding 
of highly concentrated sludges to high-rate digesters could cause process 
failure. However, it should be noted that intermittent gas recirculation, 
not mechanical mixing, was used as the method of mixing. 
In a laboratory batch experiment, Schulze7 used sludge with 10 to 
50 per cent solids obtained by mixing active digested seeding material 
with dry raw sludge. Gas production ceased after six days when a rela-
tively small amount of seeding material was mixed with dry raw sludge 
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to achieve these concentrations. Changes in pH were minor in all sludge 
concentrations, except the 50 per cent solids, due to the buf£ering 
capacity of the sludge. Attempts to gradually increase the solids con-
centration by adding dry digested sludge as feed material were successful. 
Methane production proceeded at normal rates up to 37 per cent solids as 
long as the volatile acids stayed in a range of 1000 to 2000 ppm. When 
the volatile acids exceeded this range, gas production decreased. The 
digester contents were continuously agitated by a stirring mechanism 
rotating at ~. rpm. 
Laboratory investigations by Keefer8 on sludge concentrations o£ 
5.2 to 33.5 per cent solids and a digestion time o£ 73 days did not 
utilize mixing. He reported the digestibility o£ raw sludge containing 
72 per cent volatile matter decreased as the solids concentration in-
creased £rom 15 to 33 per cent. However, acceptable digestion was ob-
tained for solids concentrations up to 25 per cent. 
Albertson9 performed digestion studies on thickened sludges of 5.7 
to 1~ .• 9 per cent solids containing 75 per cent volatile matter at 15 and 
30 day detention periods. It was reported that alkalinity values o£ 
3000 to 6000 mg/1 and pH values of 7.0 to 7.~. are normal occurrences in 
the digestion of concentrated sludges. The digesters failed at loadings 
of 0.20, 0.27 and 0.44 lb VS/cu £t/day with sludge concentrations o£ 8, 
1L .• 9 and 14.9 per cent and 22, 24 and 15 day detention times, respec-
tively. Albertson concluded that failure was not related directly to 
the loading rate, but occurred when the ammonia nitrogen content exceeded 
1250 mg/1. 
Using concentrated sludges of 5, 15, 25 and 35 per cent at digestion 
1 periods of 30, 20, 15 and 10 days, Shindala, et.al., reported volatile 
6 
acids and alkalinity increased with the increase in solids concentration. 
The pH remained nearly constant at 8.0 and it was concluded that when the 
alkalinity to volatile acids ratio exceeded one, pH was not a fUnction of 
the increase in solids concentration. It was reported that per cent re-
duction in volatile matter decreased with increased concentration for all 
loadings, but that loadings of concentrated sludges up to 10 per cent 
produced an acceptable volatile solids reduction. The digesters were 
shaken vigorously each day after feeding to mix the contents. 
Pohland and Bloodgood10 conducted laboratory digestion studies with 
loadings of 0.2 to O.w. lb VS/cu ft/day and solids concentrations of 4.8 
to 10.5 per cent at 97° F. Difficulty in obtaining thorough mixing was 
encountered when the solids content reached 6 per cent. It was found 
that the alkalinity, volatile acids and ammonia nitrogen content of the 
digesting sludge and the C02 content of the digester gas increased with 
increasing sludge loadings. Daily mixing for an 8 minute period was 
provided with a mechanical stirrer during the feeding procedure. 
Zablatzky and Peterson11 reported that the high-rate digesters at a 
treatment plant worked well with feed sludge concentrations of between 
5.5 to 8.0 per cent. It was stated that each plant must determine its 
ideal sludge concentration. The need for substantial research in this 
area was emphasized. 
Zablatzky and Baer,12 in a subsequent study, concluded that the 
daily flow into a treatment plant could be increased without increasing 
the digester volume if consideration was given to sludge thickening and 
continuous mixing of the primary digester. 
There has been appreciable conjecture about the biochemical effects 
resulting from tbe use o£ thickened sludges and the operation of diges-
ters beyond tbQ'preaent high-rate loading range. 
McCarty and McKinneyl3 described the toxicity o£ accumulated ammo-
nium alkaline products as a result o£ higher loadings and especially 
concentrated sludges being £ed to a digester. It was believed that the 
observed increase in ammonium alkalinity had a toxic e££ect on the an-
aerobic microorganisms when the £ree ammonia level exceeded 150 mg/l. 
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McCartyl~.,l5 has stated that concentrated municipal wastes may 
contain su££iciently high concentrations o£ heavy metals to inhibit 
microbial activity. It was also stated that ammonia nitrogen may reach 
inhibitory concentrations in highly concentrated municipal waste sludges. 
Table I lists the e££ect o£ various concentrations o£ ammonia nitrogen. 
A disadvantage o£ dewatering sewage sludges prior to digestion 
noted by Sawyer and Royl6 was the remainder o£ all the nonvolatile bio-
chemical products o£ decomposition in the digested sludge mass. The 
principal item o£ concern was the ammonium and other salts which might 
be represented as alkalinity. 
P£e££er, et.al., 17 £ound increased digester loading by £eeding a 
more concentrated sludge might increase the alkalinity and pH to inhib-
itory levels £or the methane £orming bacteria. As stated in their 
report, the higher the nitrogen content o£ the waste the more critical 
the problem. They believe the anaerobic process has been designed 
basically with the same criteria £or the past 30 years with the only 
major improvement having been the introduction o£ controlled mixing. 
B. THE EFFECTS OF MIXING ON THE DIGESTION PROCESS 
Heukelekian,l8 in a 1931 report on laboratory studies o£ digestion, 
observed that shaking the model digester by hand once a day greatly 
hastened gas production. In 1935, Clearyl9 strongly advised the use o£ 
a stirring mechanism. He noted that mixing insured an even temperature 
distribution and enabled £rash solids to be seeded quickly. 
8 
Table I. The Effect of Ammonia Nitrogen on Anaerobic Treatment. 15 
Ammonia Nitrogen 
Concentration 
(mg/1 as N) 
5o - 200 
200 - 1000 





No adverse effect 
Inhibitory at 
higher pH values 
Toxic 
Morgan20 reported that laboratory and pilot plant operations in-
dicated that sewage sludges could be digested at a loading rate o£ 
0. 3w5 lb VS/cu £t/day and 7. 2 day detention. He stated that recircu-
lation o£ di££used gas throughout the digester £or mixing was required. 
It was recommended that until further £ield data could be obtained, 
£ull-scale installations be designed £or 0.2 lb VS/cu £t/day. 
9 
In an 18 month study o£ a high-rate £ield digester, Nash and Chasick2l 
evaluated the unit at 0.15 to 0.38 lb VS/cu £t/day. The pH averaged 7.3, 
volatile acids were well below 500 mg/l and C~ content o£ the gas was 
36 per cent. The units were mixed by propeller type dra£t-tube mixers. 
It was suggested that a means o£ complete mixing is required to e££i-
ciently utilize a high-rate digester. 
Estrada22 reported that the available data demonstrated that 
vigorous agitation with mechanical devices would not increase the rate 
o£ digestion; however, high loadings could be success£ully treated when 
the raw sludge was concentrated, resulting in a reduction o£ the required 
volume o£ the digestion tanks. 
In the comparison o£ £our types o£ mixing devices used in twelve l MG 
digesters in the District o£ Columbia, Schreiber23 observed very little 
di££erence in the e££ects on digestion. The mixing devices employed were 
gas li£t, gas di££usion, mechanical mixing and gas recirculation. These 
devices were used to mix 9 to lO per cent solids £ed to the digesters at 
0.10 to 0.20 lb VS/cu £t/day. 
Judging £rom the available literature, there exists a genuine need 
£or more research on the e££ects o£ mixing on the digestion o£ concen-
trated sludges. 
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III. DESCRIPI'I ON OF STUDY 
This investigation was conducted in the laboratory under simulated 
field conditions. A controlled environment was maintained to reduce the 
number of variables. A complete description of the laboratory apparatus, 
materials used, experimental conditions, operational problems, experi-
mental parameters and their determinations follows. 
A. LABORATORY APPARATUS 
The laboratory equipment consisted of model anaerobic sludge diges-
ters, gas measuring devices and a temperature control system. Figure 1 
shows a view of the complete laboratory apparatus. 
1. Anaerobic Sludge Digesters. 
The six model digesters used for this study were cylindrical glass 
anaerobic reactors with a total capacity of 1 gal each. The reactors 
were 12 in. in depth, with an inside diameter of 5 in. and an outside 
diameter of 5.25 in. The lid of the reactor, made from 0.5 in. thick 
Plexiglas, was 7.75 in. in diameter and was so constructed that six 
bolts, equally spaced around the digester, could be fastened to a bottom 
collar. A soft rubber gasket 0.06 in. thick provided an airtight seal 
between the digester body and lid. Two holes in the lid, one to accom-
modate a No. ~. rubber stopper and one to fit a No. 11 stopper, provided 
access for the gas collection tubing and for the feeding and sampling 
procedures, respectively. 
The contents of each of three digesters were continually mixed 
using two w. in. propellers mounted on a vertical shaft as shown in 
Figure 2. These shafts were turned at 10 rpm by a single 0.1 hp elec-
tric motor. The shafts were equipped wi~h mercury seals designed to 
11 
12 
Figure 2. Stirring Assembly. 
exclude air and prohibit loss of digester gas. The three remaining 
digesters used for comparison were not mixed. 
2. Gas Measuring Devices. 
13 
The gas produced by each digestion unit was measured by routing it 
through tygon tubing to a 1 gal glass bottle filled with fluid which 
would not absorb carbon dioxide or methane (15 per cent sulfuric acid 
by volume, saturated with sodium chloride). The fluid was displaced 
into a calibrated 1 gal glass bottle where it was measured. 
3. Temperature Control System. 
The digesters were placed in a plywood box insulated with Styrofoam. 
Heat tapes, wrapped around each digester and connected to an automatic 
temperature controller, were used to maintain a temperature of 32-33° C 
(90-91 ° F). 
B. SEED AND FEED SLUDGE 
1. Anaerobic Seed Sludge. 
Each of the six laboratory digesters was seeded with 1933 rnl of di-
gested sludge and 67 ml of the appropriate concentration of feed sludge. 
The active digesting sludge used as seed material was taken directly 
from the anaerobic digester of the Love Creek trickling filter plant of 
Rolla, Missouri. The digested sludge was allowed to settle, the super-
natant decanted and the remaining sludge, at approximately 10 per cent 
solids, was added to the digesters. The pH of the seed sludge was 7.0. 
Gas production began immediately. 
2. Feed for Anaerobic Digestion Units. 
In this study, raw sludge with solids concentrations of 7.5, 15 and 
30 per cent was digested for detention periods of 30, 15 and 7.5 days 
under constant mesophilic temperature conditions. The different detention 
times were obtained by adding raw sludge in such quantities that a 
complete sludge turnover would occur in the specified number of days. 
lu. 
The digesters were operated for 78 days with a sludge volume of 2 liters. 
The raw sludge used in this investigation was obtained from the Big 
Blue River sludge processing facilities in Kansas City, Missouri. The 
feed sludge was obtained in one large batch to assure consistent and 
uniform loading. The sludge, containing 30 per cent total solids and u.2 
per cent volatile solids, was taken from the vacuum filters. It was 
placed in quart jars, autoclaved at 248° F and 16 psi for 30 minutes and 
stored at room temperature. Solids determinations indicated the volatile 
solids content was not changed by autoclaving. 
Primary effluent from the Rolla Love Creek trickling filter plant 
was also obtained, placed in quart jars, sterilized by autoclaving and 
stored until used to reduce the 30 per cent solids sludge to 7.5 and 15 
per cent solids sludge. After a quart jar of sludge or liquid sewage 
was opened, aQY unused portion was stored at 5° C. This necessitated 
allowing the prepared feed mixture to stand overnight at room temperature 
to avoid application of a thermal shock to the digesters. 
A batch feeding process was used to supply the sludge to the diges-
ters in this investigation. The digesters were fed daily at 8:30 a.m. 
by a procedure that took approximately 30 minutes to feed all units. 
Table II shows the organic loadings of the six units during the test 
period. 
It should be noted that almost every one of these loadings is 
higher than the recommended design values for high-rate digestion. 
Loadings of 0.:03 to 0.04 lb VS/cu ft/day at 30 day detention and 0.1 
Table II. A Comparison of the Organic Loadings Applied to the Digestion Units. 
Unit Number Detention* Total Solids Organic Loading** 
Umni:x:ed Mixed Time (per cent) (lb VS/rt3/day) (days) 
1 4 30 7.5 0.06 
2 5 30 15 0.13 
3 6 30 30 0.28 
1 4 15 7.5 0.13 
2 5 15 15 0.27 
3 6 15 30 0.56 
1 L. 7.5 7.5 0.26 
2 5 7.5 15 0.54 
3 6 7.5 30 1.13*** 
*The organic loading was gradually increased over a 15 and 7.5 day transition period for 
the 30 to 15 day and the 15 to 7.5 day detention times, respectively. 
**Slightly different specific gravities of the several sludge concentrations caused the 
small differences in the organic loadings at the various detention times. 
***units 3 and 6 failed before this loading could be attained. 
I-' 
\J1. 
to 0.2 lb VS/cu ft/day at 10 to 15 day detention are normally employed 
in the design of conventional and high-rate digesters, respectively. 2 ~· 
16 
To eliminate the possibility of dissolved oxygen in the raw feed 
sludge which could result in the death of the methane forming bacteria, 
nitrogen gas was bubbled through the feed sludge for 5 minutes to strip 
it of oxygen just before.feeding. 
C. EXPERIMENTAL PARAME:TERS AND DETERMINATIONS 
1. Total and Volatile Solids. 
Total and volatile solids were used to determine the organic load 
applied to the anaerobic digesters and to evaluate the progress of di-
gestion by determining the amount of volatile or organic matter destroyed 
in the digesters. The total and volatile solids were determined according 
to Standard Methods. 25 
2. Volatile Acids, pH and Alkalinity. 
There is no single parameter that will always serve as a good indi-
cation of an onset of unbalanced conditions, however, the volatile acids 
concentration has been promulgated as a significant parameter for this 
purpose.l~. A steady increase in the amount of volatile acids coupled 
with a steady decrease in pH or alkalinity is a good sign of impending 
difficulties. A volatile acids to alkalinity ratio of 0.2 to 0.4 indi-
cates a normal operating digester. 
The volatile acids were determined in accordance with Standard 
Methods, 25 with some modifications suggested by Hattingh and Hayward. 26 
A pH analyzer was used instead of thymol blue indicator when the pH of 
the sample was reduced to 1.0 and dissolved C02 was removed prior to 
titration by scouring with 0~-free air for 20 minutes. The alkalinity 
was also determined according to Standard Methods25 with the exception 
that a 25 ml sample was used instead of 100 ml. The pH determinations 
were made using a Fisher Accumet Model 210 pH analyzer and were per-
formed in accordance to Standard Methods. 25 
3. Ammonia Nitrogen. 
17 
Inhibitory concentrations of ammonia nitrogen may be approached in 
highly concentrated municipal waste sludges. 15 For this reason, ammonia 
nitrogen analyses were performed to ascertain whether these concentra-
tions were reached. The ammonia nitrogen determinations were made ac-
25 
cording to Standard Methods. 
w.. Volume and Composition of Digester Gas. 
The amount of methane produced by the anaerobic digesters served as 
a means of evaluating their performance because it represented a direct 
measure of the amount of organic matter stabilized. The relative compo-
sition of the gases produced by the various digesters was evaluated to 
determine if increased solids concentrations would affect the character 
of the digester gas. A Fisher-Hamilton Model 29 Gas Partitioner was used 
for the analysis. 
D. SAMPLING AND SERVICING PROCEDURES 
Gas from the digesters was sampled periodically by introducing the 
needle of a 10 ml syringe into the digester through the No. 11 stopper. 
Samples of digested sludge were withdrawn from the digesters with a 
broken end pipet. The unmixed digesters were shaken vigorously before 
a sample was withdrawn to insure that a representative sample would be 
obtained. Withdrawals were made every four days at the 30 day detention 
time, every three days at the 15 day detention time and every other day 
at the 7.5 day detention time. 
18 
The £allowing procedure was used when servicing the units: 
a. The volume o£ gas produced and the ambient temperature were recorded 
daily. 
b. The gas pressure was released £rom the digesters and the £eeding and 
sampling port was opened. 
c. The collected gas was £arced back through the digester and out the 
£eeding and sampling port to keep any air £rom entering the digester. 
During the same operation, the gas measuring fluid was returned to 
the gas measuring device of each digester. 
d. On sampling days, an appropriate volume of the digester contents was 
withdrawn from each unit. Volatile acids and alkalinity were deter-
mined on supernatant obtained by centrifuging a portion of the sludge 
sample at 2000 rpm (380 G1 s) for 20 minutes. Total and volatile 
solids, ammonia nitrogen and pH determinations were made on a portion 
of the sludge sample. 
e. The appropriate weight and solids concentration of daily feed sludge 
was added to the digesters. 
f. The feeding and sampling port was closed. 
g. The gas outlet was closed. 
h. The unmixed digesters were shaken vigorously to disperse the newly 
added sludge. 
19 
IV. EXPERIMENTAL RESULTS 
The mixed and unmixed digesters were identi£ied by number according 
to the per cent sludge solids £ed, detention times and organic loadings 
(Table II, page 15). The variation in organic loading applied to each 
digester is shown graphically in Figure 3. 
Analyses were per£ormed periodically over a period o£ 78 days, gen-
erally every £our days during the 30 day detention period, every three 
days during the 15 day detention period and every other day during the 
7.5 day detention period. The results o£ these analyses are shown in 
Figures 4. through 10 and the numerical data is given in the Appendix. 
A. ANALYSES RESULTS 
1. Gas Production. 
The results o£ the gas production determinations are shown in 
Figure 4. To eliminate the daily variation inherent in a digestion study, 
a three consecutive day average technique was used to report the results. 
Commonly used in digestion studies to £acilitate observation o£ trends, 
the three day average is obtained by averaging the daily gas production 
o£ each unit with that of the preceding and £ollowing day. 
During the 30 day detention period the approximate gas production in 
the paired ·digesters was: Digesters l and 4., 1200 ml o£ gas/day; Diges-
ters 2 and 5, 3000 ml/day; and Digesters 3 and 6, 5500 ml/day. When the 
detention period was decreased to 15 days Units 3 and 6 began to fail, as 
evidenced by decreased gas production, whereas, gas production increased 
to approximately 1800 ml/day in Units 1 and 4. and 4.500 ml/day in Units 2 
and 5. Units 2, 4. and 5 continued to increase their gas production when 
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Figure 6. Volatile Solids Reduction. 
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For this detention period (7.5 days) the gas production in the unmixed 
Unit 2 exceeded 7300 ml/day and mixed Units 4 and 5 attained ~.500 and 
8200 ml of gas/day, respectively. 
2. co2 Content. 
The C02 content of the digester gas was measured periodically be-
ginning the third week of operation. The results for each digester are 
shown in Figure 5. Generally the range extended from 33 to 36 per cent, 
although upon digester failure the co2 content increased to as much as 
60 per cent. 
3. Total and Volatile Solids. 
After two weeks of initial operation, periodic solids determinations 
were made from each unit and the data was used to calculate the percentage 
reduction of volatile matter. The volatile solids (VS) reduction for all 
digesters is given in Figure 6. 
During the 30 day detention period the mixed unit which was fed 30 
per cent solids sludge averaged approximately 55 per cent VS reduction, 
while the unmixed unit which received the same feed averaged 48 per cent 
reduction. Units l, 2, ~. and 5 obtained average reductions of 1, 28, 9 
and 41 per cent, respectively. During the 15 day detention time the vol-
atile solids reductions in Units 1, 2, w. and 5 were 9, 29, 1 and 39 per 
cent respectively. Although failing, Units 3 and 6 maintained an average 
39 and l!.l per cent reduction of volatile matter, respectively. During 
the 7.5 day detention period, Units 2, W. and 5 achieved volatile solids 
reductions of 33, w. and 33 per cent, respectively. 
Throughout the course of the study, the total solids in each diges-
ter remained essentially constant. Units 1, 2, 3, ~., 5 and 6 averaged 
approximately 9, 13, 22, 8, ll and 19 per cent total solids, respectively. 
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The inconsistency of the solids results in those units being fed 
7.5 per cent sludge (Units 1 and 4) necessitated the re-evaluation of the 
sampling technique. Samples withdrawn at various depths and analyzed in-
dicated that the solids concentration was not constant throughout Units 1 
and 4., but was reasonably constant in the remaining digesters. 
4.. Ammonia Nitrogen. 
The ammonia nitrogen (as nitrogen) determinations were initiated 
during the third week of operation. The results are shown in Figure 7. 
Typical values of ammonia nitrogen content during the 30 day deten-
tion period were 570 mg/1 in Units 1 and 4., 700 mg/1 in Units 2 and 5, 
and 1050 mg/1 in Units 3 and 6. The average values of ammonia nitrogen 
decreased during the 15 day detention period in Units 1, 2, 4. and 5, but 
increased in Units 3 and 6. As previously indicated, during the transi-
tion from the 30 to the 15 day detention period, Units 3 and 6 began to 
fail. The ammonia nitrogen content of these two digesters averaged 
2170 mg/1 during the 15 day detention period. For the same period Units 
1 and 4. had an average ammonia nitrogen content of 290 mg/1 and a 540 mg/1 
average in Units 2 and 5. Typical values of ammonia nitrogen during the 
7. 5 day detention period were 165 mg/1 in Units 1 and 4. and 275 mg/1 in 
Units 2 and 5. 
5. Alkalinity. 
The alkalinity (as calcium carbonate) was determined periodically 
after the second week of operation and the values are shown in Figure 8. 
The alkalinity, in the well-operating digesters, decreased as the 
detention time was decreased. While the detention period decreased from 
30 to 7.5 days the alkalinity in Unit 1 decreased from 2660 to 950 mg/1; 
Unit 2, from 3130 to 1210 mg/1~ Unit 4., from 28L.o to 1080 mg/1; and Unit 5, 
30 
from 3590 to 1570 mg/1. The alkalinity in Units 3 and 6, even during 
failure, increased to ~.800 and 9320 mg/l from 3270 and ~.950 mg/1, respec-
tively. 
6. Volatile Acids. 
Volatile acids (as acetic acid) determinations were initiated after 
two weeks of operation and were performed on a periodic basis throughout 
the study. The results of these determinations are given in Figure 9. 
When the digesters were operating efficiently, the volatile acids 
were generally in the range of lOO to 300 mg/1 and did not seem to be 
affected by sludge concentration or mixing. However, after the failure 
of a digester, the volatile acids increased as illustrated by the vol-
atile acids concentration in Unit 6 which exceeded 13,000 mg/l before the 
end of the study. 
7. pH. 
The pH of the digesters, independent of the sludge concentration or 
mixing, ranged between 6. 8 and 7. w. for most of the study as illustrated 
in Figure 10. Only upon failure did the pH show a marked decrease, such 
as to 5.5 and 6.0 in Units 3 and 6, respectively. 
B. VISUAL OBSERVATIONS 
Several visual observations made throughout the course of the study, 
but not documented by numerical data, were noted. The rate of gas pro-
duction, character of the digested sludge and supernatant, and the op-
erational problem of foaming were observed. 
Gas volumes produced by mixed digesters during the first 12 hours 
after feeding was consistently greater than those from unmixed digesters 
which had received comparable organic loadings. 
The digested sludge from the mixed units appeared more fluid and 
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homogeneous than that taken from the corresponding unmixed units. The 
digested sludge from the units which were fed 7.5 per cent solids sludge 
was thin and watery in contrast to the slightly thicker sludge from the 
15 per cent solids fed units. The digested sludges from the units being 
fed 30 per cent solids appeared to be in sharp contrast with each other. 
The sludge from unmixed Unit 3 was thick and lumpy, but the sludge from 
Unit 6 was fluid and £lowed easily. However, when equal volumes of 
sludge from Units 3 and 6 were centrifuged, more supernatant was obtained 
from the sludge of the unmixed digester. 
As long as the digesters performed satisfactorily, the withdrawn 
sludge was black or very dark gray in color and had a tarry odor. Sludge 
from Units 1, 3 and 6 exhibited very objectionable odors during failure. 
Within a week of initial operation, foam was observed in the mixed 
units. This foam subsided in Units L. and 5 approximately two weeks later, 
but persisted in Unit 6 until after its failure. It was observed that 
violent mixing would disperse the froth, but when normal mixing was re-
sumed, the foam returned. Near the end of the ~tudy, foam reappeared in 
Unit 5, but presented no operational problems. 
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V. DISCUSSION OF RESULTS 
The results obtained £rom this investigation de~onstrated that the 
treatment efficiency of the laboratory digesters was affected by mixing, 
per cent solids fed, organic loading and detention time. 
A. THE EFFECTS OF MIXING ON TREATME!NT E:B"E'l:OIENOY 
Although mixing did not increase the gas production as much as 
anticipated, its effects were read:LlJ ap~8~ent and quite significant as 
shown in Figure 4.. Gas production .from ttle miJCed digester fed 30 per 
cent solids sludge was 10 per cent h:Lghe~ than fro~ the corresponding 
unmixed digester. As the organic lo8ding to the digesters fed 7.5 and 
15 per cent sludge was increased, the differences in gas production 
between the mixed and unmixed units increased .from appro~ately 5 per 
cent to 15 per cent. 
The unmi~ed digesters were manuallY agitated after daily feeding to 
disperse the feed sludge. This resulted in a more homogeneous mixture 
o£ the feed and the actively digesting sludge and, in effect, very little 
initial difference after feeding between the continuously mixed and 
unmixed units. This could be a prima~s reason whs laboratory digesters, 
even when not continuously mixed, consistently achieve higher efficiencies 
than field digesters. This would suggest that reliable mixed digester 
studies could only be performed in field or large ~ilot plant units. 
Reflecting the higher gas productioo, the volatile solids reduction 
(Figure 6) and alkalinity (Figure 8) we~e higher in the mixed reactors. 
Mixing had no discernible effect on pH, 8~onia nitrogen content or vol-
atile acids concentration. 
33 
B. THE RELATIONSHIP BETWEEN ORGANIC LOADING AND DETENTION TIME TO 
TREATMENT EFFICIENCY 
The results o£ this investigation and the investigations o£ others 
were used to develop the probable organic loading and detention time 
limits o£ anaerobic digestion. These boundary conditions are shown in 
Figure ll. A minimum detention time o£ approximately 7.5 days has been 
reported £or both experimental and theoretical studies by a number o£ 
investigators16, 27 and is re£lected in Figure ll. The upper volatile 
solids loading limit at the low detention times was based on data re-
ported by McCarty27 £rom the operation o£ conventional treatment pro-
cesses and the results o£ a laboratory study on the digestion o£ concen-
trated sludges reported by Shindala, et.al.1 Shindala £ound that failure 
occurred at an organic loading of 0.66 lb VS/cu £t/day and a 10 day de-
tention period. 
The limit at the 15 day detention time is shown as being slightly 
below the loading that caused failure o£ the units £ed 30 per cent sludge 
during this study. These failures were thought to be a result o£ ammonia 
toxicity since the ammonia nitrogen exceeded 1300 mg/l. 
9 Albertson also 
observed failure at this loading. The limit at the 30 day detention time 
passed through the organic loading applied to the digesters being £ed 30 
per cent sludge. The ammonia nitrogen content at this point approached 
the inhibitory level and it was felt that acceptable digestion could not 
occur above this point. The £ailure o£ one of the units being fed a 7.5 
per cent sludge was within the acceptable limits, but was thought to have 
been caused by the introduction of some extraneous toxic material. This 
figure is meant to show the general location o£ the limits and should 
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The ability to increase the organic loading While the detention 
time is lessened is probably the result o£ lower concentrations o£ bio-
chemical end products (NHJ) and cations. The salt concentration in two 
digesters £ed the same organic loading at dif£erent detention times would 
be greater in the unit with the longest detention time since less wash-
out of accumulated products would occur. This hypothesis was verified 
by the ammonia nitrogen data as shown in Figure 7. These observations 
support MCKinney1 s4 view that increasing the size o£ biological treatment 
units as a factor o£ safety often results in a poorly operating and in-
efficient process. 
Figure 12 shows the digestion limits applied to a typical municipal 
wastewater sludge that contains 70 per cent volatile solids. It is ap-
parent that 15 per cent total solids sludge is the maximum concentration 
which should normally be considered for digestion. 
These limits show the potential of anaerobic digestion is much 
greater than generally recognized or practiced. By the incorporation of 
mixing, increased organic loading per unit volume and lower detention 
time, a well-operating treatment process which would require a lesser 
volume than now used could result. 
C. DIGESTION CONTROL PARAMETERS 
Of the various parameters used for control and evaluation of diges-
ter operations, gas production was found to be the most important and 
reliable. Gas (largely methane) production, indicative of the stabili-
zation o£ organic matter, was used as the main criteria of evaluation. 
High or increasing gas production indicated a well-operating digester, 
while low or decreasing methane production indicated failure or impending 
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alkalinity, volatile acids and pH were either not significantly affected 
by approaching failure or lagged the onset of unbalanced conditions. 
Sawyer and Grumbling6 have suggested that the methane content of 
the digester gas is affected by the feed sludge concentration or organic 
loading. The results of this investigation have shown that only after 
digester failure, indicated by decreased gas production, did the methane 
content of the digester gas decrease. This observation is in agreement 
with DiLallo and Albertson28 who have reported that an increase in C02 
content may be related to a change in the chemical environment of a di-
gester, but this increase is only apparent after the damage has been done. 
A disadvantage of employing the volatile solids reduction deter-
mination as a control parameter was the inability of changes in loading 
or performance to be reflected within a reasonable time. Albertson9 
calculated that 69 days are theoretically required for a mixed digester 
with a 30 day detention to reach '90 per cent solids stabilization fol-
lowing a load change. Another disadvantage of using solids data was the 
difficulty of obtaining representative samples. 
Alkalinity was found to be a poor control parameter. Even when di-
gester failure was occurring, there was no abrupt change in alkalinity. 
An increase in volatile acids was observed after a decrease of gas 
production occurred indicating that this increase was the result, not 
the cause, of the inhibition of the methane forming bacteria. The method 
of determining the volatile acids as described by Standard Methods, 25 
although reportedly better than past procedures, still requires an in-
ordinate amount of chemicals and time and too many items are left to 
individual judgement. The results obtained by each individual might be 
usefUl for his own comparison; however, it is seriously questioned 
)8 
whether individual results can be meaningfully compared with the findings 
of others for more than observations of general trends or values. 
D. SUMMARY 
As the effects of mixing on the digestion process cannot be properly 
evaluated in the laboratory, future mixing studies should be performed on 
field digesters. The organic loading-detention time limits suggested by 
this study should facilitate the further development and acceptance of 
the anaerobic digestion treatment process. 
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VI. CONCWSI ONS 
The following conclusions were reached on the basis of the results 
of this investigation: 
1. Mixing increases gas production in laboratory digesters. 
2. The organic loading-detention time limits of anaerobic diges-
tion have been determined. 
3. The concentration of typical sludges beyond 15 per cent solids 
is not justified for anaerobic digestion. 
w.. Ammonia nitrogen concentrations exceeding 1300 mg/1 are inhib-
itory to the anaerobic digestion process. 
5. Changes in volatile solids reduction, alkalinity and pH are 
slow to reflect load changes or the onset of unbalanced con-
ditions and, therefore, should not be considered as primary 
digester control parameters. 
Lo 
VII. RECOMMENDATIONS FOR FUTURE RESEARCH 
To £ully evaluate the e££ects of mixing on the anaerobic digestion 
process, it is recommended that plant scale digester mixing studies, in 
conjunction with the £eeding o£ concentrated sludges, be performed. The 
development of a simpler, more reliable volatile acids determination is 
desirable. 
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APPENDIX 
EXPERIMENTAL RESULTS 
The experimental results obtained in this investigation are pre-
sented in Tables A-I through A-X. The column heading in each table 
which reads Htime in daysn ref'ers to the number of' days the digesters 
had been in operation when the results were determined. 








































ORGANIC LOADING (lb VS/cu ft/day) 
2 3 ~. 
0.1.36 0.282 0.06) 
. . . 
0.14) 0.301 0.069 
0.1)4 0.320 0.073 
0.163 0.338 0.078 
0.172 0.3)8 0.082 
0.181 0.377 0.086 
0.190 0.396 0.091 
0.199 0.~1) 0.09) 
0.208 0.434 0.099 
0.217 o. ~.52 0.104 
0.226 0.471 0.108 
0.235 0.489 0.112 
0.244 0.)08 0.117 
0.253 0.)27 0.121 
0.262 0.546 0.126 







































ORGANIC LOADING (lb VS/cu ft/day) 
2 3 4 
0.306 0.565 0.147 
0.339 . 0.163 
0.373 . 0.179 
0.406 . o.19u 
0.439 . 0. 210 
0.472 . 0.226 
0.506 . 0.242 
0.540 . 0.257 
0 
. . 
















Table A-II. Results of Gas Production Determinations. 
TIME GAS PRODUCTION - S.T.P. (ml) 
IN 
DAYS 
1 2 3 4 5 6 
1 1180 1365 1680 1730 2180 2910 
2 1180 1270 2270 1630 2220 3080 
3 1180 1~10 2560 1730 2230 3370 
~. 1480 1670 3060 1670 2500 ~.180 
5 1620 2040 3~.40 1760 2Ll0 4360 
6 1760 2820 u2o 1850 2730 5280 
7 1210 2500 ~.270 1390 2600 5800 
8 1480 2680 Lll.8o 1200 3550 5210 
9 
10 1520 3170 5460 1470 3630 6300 
11 1060 2950 4520 1340 2720 5400 
12 1350 2840 4060 1170 2610 5310 
13 1020 2690 4400 1160 2410 5050 
14 1390 3330 5780 1480 3430 6200 
15 928 2640 u.64o 1250 2640 5660 
16 974 2880 4730 1160 26oo 5900 
17 1070 2940 5220 1260 2890 6290 
18 1180 2730 5460 1230 2870 6140 
19 1370 2430 ~.900 1330 2610 5810 
20 1320 2460 4780 1360 2550 5860 
21 1100 2740 4840 1280 2790 5890 
22 1190 2610 4950 1240 3300 5810 
23 1010 2280 5800 1190 2920 5620 
2~. 914 2240 5480 1230 2740 6210 
r:-
.:._;. 
Table A-II (continued) 
TIME GAS PRODUCTION - S.T.P. (ml) 
IN 
DAYS 
1 2 3 4. 5 6 
25 1150 2710 5150 1290 2670 64.80 
26 920 3040 5570 1060 2670 6120 
27 1060 3040 4.930 1150 2580 5710 
28 1100 2920 4.890 1280 2650 5030 
29 1190 2750 4.710 1280 3210 5310 
30 1370 2930 4890 14.60 3110 6080 
31 1000 24.6o 5280 1230 2550 6730 
32 1190 2790 5390 1420 3110 6310 
33 1100 3120 5690 1380 3310 634.0 
34. 1010 3020 5380 1280 3060 6760 
35 1320 3200 5380 1370 3250 6300 
36 1240 3210 5580 1370 3750 6770 
37 1420 294.0 5600 1380 3670 7070 
38 1290 294.0 5320 1380 3450 684.o 
39 1290 3120 4.730 1470 3490 54.20 
4.0 1150 30L.o 5760 1470 3780 6o4.o 
41 1370 3670 5960 2110 24.30 5770 
4.2 14.70 3760 5220 2020 3160 554.0 
4.2 1280 3120 5860 1560 3250 5410 
4.4 1600 334.0 5770 1830 3990 5260 
45 1650 3890 5900 2100 4.840 5110 
4.6 1180 3730 66Lo 1820 4h6o 5720 
4.7 1420 4390 6260 '2060 484.0 5310 
48 1820 5040 6490 2360 5900 5390 
~ 
CX> 
Table A-II (continued) 
TIW. GAS PRODUCTION- S.T.P. (ml) 
IN 
DAYS 
1 2 3 4 5 6 
49 1400 4010 5720 1890 46u.o 33h0 
50 1630 
-
5560 2080 4.4.30 2620 
51 1800 4.780 5590 2250 51u.o 2430 
52 1170 4060 5230 1800 4.330 2160 
53 1720 484.0 5780 2170 4.970 1990 
54 1900 4930 5700 2310 5060 154.0 
55 1630 4300 5060 2260 44.30 900-l!-
56 1810 506o 5110 2620 4.790 500 
57 2080 h810 - 2360 4980 360 
58 1450 3910 464.0 2180 4.960 270 
59 2000 4.080 4990 2270 4810 180 
60 2090 4.860 4960 2180 514.0 180 
61 1630 4.360 4540 2270 4.990 180 
62 2210 5270 4.510 2750 5960 270 
63 2530 6130 5010 3250 6130 180 
64. 1670 5680 4.4.20 2710 5600 0 
65 2120 5860 4830 3070 6670 180 
66 2660 64.00 5010 3380 6850 180 
67 1720 4880 3750 2980 6370 90 
68 224.0 6110 364.0 3640 7410 180 
69 1570 5520 2870 3140 6370 0 
70 1800 64.20 2960 3860 7360 180 
71 1250 5660 2720 3620 6690 0 
72 1350 7310 2780 4.530 8160 0 ~ 
"' 





73 720 5970 
74 720 6860 
75 270 5690 
76 270 6410 
77 0 5680 
78 0 7870 
* Feeding of Unit 6 terminated. 
**Feeding of Unit 3 terminated. 



















Table A-III. co2 Content of Digester Gas. 
TIME C~ CONTENT OF DIGESTER GAS (per cent) 
IN 
DAYS 
1 2 3 ~. 5 6 
2h 38 36 33 38 3h 32 
26 36 33 32 35 33 33 
33 3h 33 33 3~. 3~. 35 
35 35 34 35 35 35 3L. 
38 37 36 36 38 34 34 
L.o 39 3L. 39 39 35 L.O 
L.2 3~. 35 37 35 3L. L.o 
L.5 36 35 36 3h 36 37 
51 33 3~. 37 32 34 ~.~. 
54 33 33 36 33 34 50 
57 35 32 36 33 3~. 56 
60 35 33 37 34 34 60 
63 3~. 37 37 34 34 57 
66 36 3~. 38 35 35 59 
68 39 36 36 34 36 59 
70 ~.2 35 37 35 35 
72 ~.2 35 38 35 36 55 
7L. ~.9 35 40 36 36 
76 - 32 35 32 35 
~ 
Table A-IV. Results of Solids Determinations. 
TIME TarAL AND VOLATILE SOLIDS IN DIGESTED SLUDGE (per cent) 
IN 
DAYS 1 2 3 ~. 5 
Tot. Vol. Tot. Vol. Tot. Vol. Tot. Vol. Tot. Vol. 
1~ 11.~. 38.9 9.3 38.7 17.2 36.5 6. !J. w.7. 1 9.7 !JL2 
18 10.6 37.8 11.9 36.7 20.1 33.7 5.6 ~.5. 6 10.0 37.8 
22 8.2 38.0 12.3 31.5 20.1 32.7 ~ .. 9 ~.7. 2 10.3 35.7 
26 9.3 36.6 11.2 38.9 18.9 31.8 9.2 ~1.1 9.8 33.9 
30 8.2 36.0 1w .. w 32.8 23.0 30.6 8. w. 39.3 10.2 3w.5 
39 8.3 3w.9 14 .. 5 32.2 22.7 30.2 9.1 38.5 11. 4. 33.5 
42 11.4 32.7 12.0 32.6 21.8 35.1 8.1 37.7 10.7 34.0 
45 11.0 33.7 15. 4. 32.0 23.6 32.3 9.1 36.7 11.5 34.6 
48 11.3 31.5 13.9 31.0 24.9 30.5 9.8 31.3 11.9 31.3 
54. 9.3 33. 4. 16.9 29.9 2L.5 31.8 11.8 26.5 12.3 31.5 
60 6.8 32.9 12.L 31.1 2L .. 1 31.1 - - 12.1 30.8 
66 4.4 28.2 11.7 30.0 2L .• 1 37.2 1).2 28.2 12.6 31.9 
70 8.5 36.0 16.2 32.0 26.7 32.2 13.3 32.7 13.8 32.2 






























Table A-V. Results of Volatile Solids Reduction Determinations.* 
TOO VOLATILE SOLIDS REDUCTION (per cent) 
IN 
DAYS 
1 2 3 4 5 
14 0 42.1 49.5 1.9 35.7 
18 0 29.9 45.6 18.0 39.2 
22 0 25.9 47.2 25.7 L.o.8 
26 0 29.9 51.6 0 46.4 
30 5.1 24.1 L.3. L. 0 43.4 
39 7.1 24.9 L.4.8 0 38.5 
L.2 0 37.0 38.5 1.9 LJ_.L. 
L.5 0 20.9 38.6 0 36.0 
48 0 30.7 38.9 1.3 L.o.o 
54 0 18.7 37. L. 0 37.6 
60 28.0 37.9 39.8 - L.o.o 
66 60.0 43.6 28.0 0 35.4 
70 1.6 16.7 30.8 0 28.6 
74 44.1 L.o.3 - 11.6 35.7 
















Table A-VI. Results of Supplementary Solids Sampling. 
DEPTH TOTAL AND VOLATILE SOLIDS (per cent) 
SAMPLE 
TAKEN 1 2 
Tot. Vol. Tot. 
1 in. from top 6.3 36.5 9.7 
Middle 5.1 39.6 11.9 
1 in. from bottom 8.1 39.5 12.8 
Vol. 
35.w 




Table A-VII. Results of Ammonia Nitrogen Determinations. 





758 584 618 
22 560 587 1020 546 672 
26 532 755 1180 545 645 
30 616 841 1400 616 728 
33 532 616 980 4.4.8 728 
36 SOL. 728 1260 476 756 
39 456 6~.~. 1680 532 756 
~.2 532 896 14L.o 560 1260 
4.5 308 64L. lL.oo 364 616 
48 364 616 1170 336 532 
51 280 504 839 308 490 
54 266 452 887 210 L.9o 
51 224. 490 1050 252 4.48 
60 252 406 817 238 434 
63 22L. 350 910 182 364 
66 182 322 792 238 350 
68 154. 266 7L.6 182 394 
70 154 210 606 140 280 
72 154. 182 546 168 294 
7L. 196 252 700 140 280 





















Table A-VIII. Results of Alkalinity Determinations. 
TIME ALKALINITY CONTENT (rng/1 as calcium carbonate) 
rn 
DAYS 
l 2 3 4 5 6 
lL 2660 3130 3270 28L.o 3590 4950 
18 2710 32L.o 3230 2700 3Llo L.370 
22 2550 2890 3310 2640 3360 L.61o 
26 2220 2930 3970 2L.L.o 3280 L.7L.o 
30 2030 2800 L1.8o 2360 3120 39L.o 
33 1990 29L.O L.070 2290 3160 L.65o 
36 2100 2860 L.L.90 2230 3120 5500 
39 l8L.o 2900 LBOO 2170 3180 6080 
L.2 1750 2970 L290 2050 3180 59/.i.O 
L5 1610 2690 L.580 1900 30/.i.O 5780 
L8 lL8o 2500 L.6oo 1760 2760 5670 
51 1420 2LJO 4.260 1680 2680 L.76o 
5L. 1280 2310 3980 1590 2L.90 5950 
57 1210 2L.Jo L.L6o l5L.o 2L.6o 6760 
6o 1200 2L.2o 3830 1510 2Llo 
63 1150 2300 LOOO 1500 2330 7840 
66 1000 1670 3570 1360 2000 7880 
68 104.0 1650 374.0 1300 1770 9210 
70 990 1360 3660 1200 1760 8970 
72 910 1220 39L.O 1150 1590 9320 
7L. 950 1210 L230 1070 1510 
76 1090 lL2o Ll70 1130 1570 
\.Jl. 
0'> 
Table A-IX. Results of Volatile Acids Determinations. 
TOO VOLATILE ACIDS CONTENT (mg/1 as acetic acid) 
IN 
DAYS 5 1 2 3 4 
14 24 60 14L. 24 12 
23 60 69 120 40 50 
26 98 110 - 140 13 
30 130 200 130 67 800 
33 76 25 550 25 150 
36 59 59 230 110 120 
L.2 170 37 950 350 300 
45 160 0 360 210 130 
48 250 670 360 150 190 
51 140 41 310 56 90 
57 170 65 - 560 170 
63 59 0 3200 40 19 
68 260 160 3630 40 0 
72 650 0 1540 720 0 

















Table A-X. Results of pH Analyses. 
TIME pH VALUES 
IN 
DAYS 1 2 3 u. 5 6 
1 7.1 7.2 7.1 7.1 7.1 7.1 
2 7.1 7.2 7.1 7.1 7.1 7.1 
3 7.1 7.1 7.2 7.1 7.3 7.3 
h 7.1 7.2 7.1 7.1 7.2 7.2 
6 7.0 7.1 6.9 7.0 7.1 7.1 
10 7.0 7.1 7.5 7.1 7.1 7.1 
14 6.9 7.2 7.3 7.1 7.2 7.2 
18 7.2 7.0 7.U. 6.8 7.1 7.3 
22 7.2 7.3 7.3 7.3 7.u 7.3 
26 7.2 7.1 7.3 7.4 7.2 7.3 
30 6.9 7.0 7.3 7.4 7.1 7.3 
33 7.2 7.1 7.5 7.3 7.1 7.6 
36 7.0 7.1 7.3 7.1 7.1 7.4 
39 6.8 7.1 7.2 6.9 7.1 7.3 
u2 7.0 7.1 7.0 6.8 7.1 7.1 
4.5 6.8 7.0 7.3 7.1 7.2 7.1 
48 6.8 7.0 7.2 6.9 7.0 6.9 
51 6.8 7.0 6.5 7.0 7.1 6.5 
I 54 6.8 6.9 6.5 
6.9 7.0 6.0 
57 6.8 7.0 7.1 6.9 7.1 5.7 
60 6.8 7.1 6.6 6.9 7.0 
63 6. 7 6.9 6.9 6.9 7.0 S.7 
CJ) 66 6.7 6.7 6.4 6.7 6.8 5.5 
~ 6B 6.7 6.7 6.G 6.7 6.8 5.5 70 6.G 6.8 6.0 6.8 7.0 5. 7 
72 6.2 6.7 5.5 6.8 6.8 5.7 
74 5.9 6.8 - 6.8 6.9 
76 5.8 6.9 - 6.8 6.9 - 1..-'"1 CD 
